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ABSTRACT

The work described in thé body of this report was aimed at
revealing more knowledge of the properties of metal-oxide mixtures
produced by the methods of powder metaliurgy, This study is one of
several, inaugurated since the work of irmann, that have been con-
cerned with the evaluaiion of the effect of a dispersed oxide phase
in a metal matrix on the properties cf the resultant material,

iﬁkThe report is divided in four parts, each dealing with a dif-
ferent pure metal., The metal matrices covered are copper, titanium,
2irconium, and iron. The oxides were introduced by mixing the pure
oxides with the pure metal powders. For each metal a program was
devised to determine the optimum conditions of particle size,
method of aggregation, pressing pressure, sintering afmosphere and
temperature and additional pressing and sintering operations. The
criteria used were density and hardness, Both cylinders and
tensile bars were evaluated.

The oxide added to copper was titania. This oxide was also
used as the dispersed phase in titanium; to minimize oxide solu-
bility, low temperature sintering was used with tin as the bonding
agent, Zirconia was added to zirconium; both hydride zirconium and
high purity zirconium metal were used, but in both instances the
resultant products were very brittle.

The greatest amount of work was done with carbonyl iron. The
oxides added included zirconia, thoria, ceria, lanthana, neodymia,
dysprosia, and gadolinia. Lanthana was found to prevent bonding

of the iron matrix, while the other oxides were found to be only

1
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slightly embrittling. The iron - gadolinia mixture offers consider-
able promise for a control rod material in nuclear applications.

In general, the oxide additions to each metal investigated
resulted in increased hardness and strength at elevated tempera-

tures.,
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INTRODUCTION:

The investigations of von Zeerleder (Modern Metals 8(1953)40)
and of [rmann (Rev. Aluminum 28{1951)267) on sintered aluminum
powder (SAP) have attracted a grecat deal of attention, Cylinders
made from unalloyed aluminum powder containing up to 20% oxide have
been shown to pussess criep strengths at 500-900°F almost four times
greater than those of wrought aluminum alloys.

Gregory and Grant (Trans, AIME 200(1954)247) have attributed
this strengthening to¢ a very fine dispersion of oxide particles,
Their short-time test results exhibited a correlation with the
reciprocal of the particle spacing (0,35 to 2 microns)., 1t is
believed that the dispersed phase hindered recrystallization of
the metal matrix and acted as a barrier to the passage of dis-
locations,

Other metals, also, may be strengthened by oxide bonding.
Furthermore, the oxide bonding may be achicved in a variety of
ways, It is possible to strengthen certain iron powder parts by
sintering them in a steam atmosphcerec, Tu this case, the oxide
phase 1s produced by reaction with the water vapor that bas pene-
trated through the pores of the pressed compact, The writer of
this proposal has observed the very pronounced hardening of
graphite-bronze powder compacts when sintered 1n airr as contrasted |

to the very soft structures produced when they were sintered iu

hydrogen, or in a vacuum., Clasing ond Sauverwnld (Z, anovg., u, zllgen,

Chem, 271(1952)88) ftound an improvement in strevgth of 25 30% in
compacts made from artifically oxidized copper powder. Thiwn oside

films formed on particles of iron also resulted 1n ag 1mprovement
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of strength in the compact., In the tine powder (20 microas and
finer) used for the aluminum high~temperature-strength product the
oXide film is formed naturally on the grains.

These methods limit the oxide or oxides introduced to that or
those of the metal or some constituent of an alloy (e. g. Cd in a
Ag=Cd alloy). A wide variety of metal-oxide bonds may be had, how
ever, by adding oxides to the metal powder. This has been achieved
with aluminum (author®s unpublished work) and with molybdenum
(AD-24541), In most cases an improvement of high temperature
properties was secured, The addition of oxides in limited
quantities to metal powders to improve the high temperature proper-
ties of the parts produced therefrom is a relatively old art

(Jeffries and Archer, The Science of Metals, McGraw-Hill, 1924,

106, and Goetzel, Treatise on Powder Metallurgy, III, Interscience,

1952, 640),
The purpose of this work is to study the strengthening effects

of various metal oxides added to copper, titanium, zirconium, and

iron,




PART I

COPPER POWDERS
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INTRODUCTION:

The first stage of this study was the determination of the
optimum c . mbination of particle size, aggregate conditions, pressing
pressure, and sintering temperature for the production of a sintered
compact with maximum density and uniform physical properities., The

second stage was concerned with the effect of foreign substances on

the properties of this matrix product.

MATERIALS:

The first phase of this study was carried out on copper powders
since they were obtainable in high purity over a variety of particle
sizes, and, among the industrially important metals, offered a mini-
num of difficulty in pressing and in sintering,

Copper powders were obtained from three different sources,
covering a wide range of particle sizes, The scources are:

Belmont Smelting and Refining Works, Inc,
Metals Disintegrating Company, Inc,
United States Metal Refining Company

Descriptions, mesh sizes and chemical compositions of these
powders are given in Table I, and photomicrographs of some of the
pariicles are given in Figure 1.

The titanium dioxide (Anatase) was National Formulary grade,
purchased from H. Kohnstamm and Company, Inc.

The tin powder, obtained from the McGean Chemical Company,

had the following specifications:

Pure virgin straits tin 99,8% Sn
Screen Analysis: 94% -325
6% ~-200 + 32%
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APPARATUS:

Pressing Dies

The pressing of cylindrical powder-metal compacts was done in
a hardened steel die having a cylindrical cavity of 1.25 inches
diameter and 3 1/8 inches length. An annular ring of soft steel
of 4 inches diameter was shrunk over this die to place the carbu-
rized walls of the bushing portion in compression and prevent their
splitting under high pressing pressures. Pressures of over 100 tons
per square inch were attained,.

Figure 2a shows the die in place on the 150-ton-capacity press
used in this work. Also shown is the block used for ejection.

A special double acting die was used to press the tensile test
bars as specified by the Metal Powder Association Standards (Figure
2b).

Sintering Furnace

A schematic drawing is presented in Figure 3; a general view
cf the apparatus is shown in Figure 4. Not shown are the tempera-
ture controllers for the furnaces., Figure 5 iz a close-up of the
quartz-tube sintering chamber, and Figure 6 is a view of the vacuum
equipment, The furnace closest to the mechanical vacuum pumps was
ﬁsed for the purification of the hydrogen and contains titanium
turnings. The adjacent furnace was used for bhydrogen reduction of
the powders, Only enough powder for a given run of samples was
reduced at a time, If it was not used immediately, the reduced
powder was stored in a hydrogen atmosphere,

All of the intricate glass work was done by the glass blower

of the College of Engineering, Mr. E. C, Logsdon.
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Hot Hardness Tester

The sintered tensile oars were tested for hot hardness using
the ot Hardness Test Furnace (Figure 7), especially designed to
fit the Model 4JR Rockwell Hardness Tester, A special high
tempoerature resistant, diamond brale, mounted on a precision
ground spindle, was projected into the furnace chamber, where
the sample could be placed on the stainless steel block and
readings taken. The bottom of the furnace was water cooled. A
specimen thermocouple and a control thermocouple in conjunction
with a controller were used *to record and control the temperature,
The test bar could be directly observed 1n the furnace by using
an inclined mirror. A one pound load was used; this particular
scale was named the "I" scale. 7o get an average reading, a few
readings were usually taken at one particular temperature, the
speed of a dashpot being previously adjusted to a moderate rate of
loading,

Creep Testing Machine

Creep data were taken at 15,000 ib/in? stress, i.e., about one-
halt the breaking stress for best specimens, and at a temperature
of 600°F. The Creep Testing Machine (Figure 8) was a constant
load, variable extension unit.

PROCEDURE AND RESULTS.

Cylindrical Compacts

The first-used procedure consis: i of blepding various-~-sized
powders and aggregating the mix by milling with xylene, The use
of the "moist" powder precluded the entrapping of air in the com-

pact at the higher pressing pressures,

8




Specimen dimensions vary according to processing conditions;
]

, but an average specimen weighed 25 grams and was a cylindrical

slug of approximately 1.25 inches diameter, Density was deter-

mined by the weight-volume method after the specimens had heen

machined flat to 0,001 inch and ground on the diameter, Hardness

In this scale a

was measured by the specially devised "J" scale,
sodel 4JR

oue pound weight was used on - -the lever system of a

Rockwell Tester and the indenter was a 1./8 inch diameter steel

ball. A conversion table for Rockwell "J" to Brinell, 500 gr,, was

developed.
! As Received Condition -- The powders were first evaluated in

the condition as received from the metal supplier. Cylindrical T

1 1/4 inch in diameter and 35 grams in weight, were

J
! specimens,
: formed under pressures varying from 15 to 75 tons per square inch,

in 15 ton increments. They were then sintered 4 hours at 700°C,

' in a helium atmosphere. The green and sintered densities of com-

pacts made from the four powders and their hardness values are

given in Table II,

The green density increased in a regular fashion with pres-

sure for the three powders, The coarser the powder the greater

the green density for any given pressure. Density measurements

For MD 10b5and MD 151

were made by the weight-volume method,

powders pressed at 15 t.s.i., sintering for 4 hours at 700°C

resulted in an increase in density, At 30 t.s.i,, there was no

and for all higher pressures

—— e —— e
————— e -

) : change in density upon sintering,
The coarse powder, USMRC,

the density decreased upon sintering.




showed a decrease in denstty upon sintering for all pressures,
Because of the xylene uscd 1n pressing the flake powder, density
determinations were not made on the green compacts.

The fine powders yielded "bubbled" compacts upon sintering
after pressing above 45 t.s.i. No bubbles were produced in the
compacts made from the coarse powder. One attempt to eliminate
the bubbles was to briquette at 15 t.s.i., sinter one hour at 425%C
in a helium atmosphere, repress at a series of higher pressures,
and resinter four hours at 700°C in a helium atmosphere, The data
are given in Table III., This procedure had no effect; bubbling
still occurred after sintering in compacts pressed over 45 t,s.i,

The next attempt to prevent bubbling was to exclude the
entrapped air by pressing powders that had been moistened with
Xylene, Furthermore, an attempt was made to control porosity by
mixing powders of different particle sizes, Just enough xylene
was blended with the powders to permit them to cchere as nodules
upon being forced through a 20 mesh sieve, During pressing, the
xylene was squeezed out, preventing any air from being entrapped.
The pores were filled with xylenc< however, and while most of this
was volatilized during sintering, some remained in the compacts,
This procedure eliminated bubbling, but did not yield a high
sintered density. The data of Table IV give the density and
hardness of compacts made from several powder blends,

Hydrogen-Reduced Condition ~- Upon completion of the evalu-
ation of the powders in the as-received condition, a program to

evaluate the oxide-free powders was begun. Table V gives the

10
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sintered density and hardness values of compacts made from
hydrogen-reduced powders, nodularized with xylene. The

presence of the xylene during pressing precluded the formation

of bubbles during sintering. High density and hardness values
were obtained. An attempt was made to densify the compacts by
hammering, but their ductility was too low and cracking occurred.

It was thought that vacuum annealing would prevent bubbling
during sintering of pressed powders., The data of Table VI show
that vacuum sintering alone will not remove the air entrapped
in compacts made from fine powders pressed at pressures of 45
t s;i‘ and higher.

A special processing procedure was devised to eliminate the
use of xylene and yet to permit the attainment of high densities.
This entailed an initial low pressing pressure of hydrogen-
reduced powder, a low-temperature sinter in a hydrogen atmosphere
at a pressure below acmospheric, followed by a higher-temperature
sinter in vacuo, and repressing at a medium high pressure, and a
similar resintering at a high pressure. The results of this
treatment are given in Table VII,.

Tensile Bars

The optimum pressing and sintering technigues that had been
developed for the cylindrical specimen were closely followed in
this series of tests ., To summarize briefly, the procedure was

as follows:

1, Reduction of copper powder in dry llydrogen at
450°C for 4 hours

2, Mixing of powder with alloying elements
3. Pressing of mixes of 15 t.s.i.

11




4, Sintering of pressed specimens first for 2 hours
at 700°C in partial pressure of Hg (300-400mm),
and then in vacuo at the same temperature or 750°C

from 5-17 hours,

5. Samples repressed at 60 t.,s,i. and then sintered
in exactly the same way as (4).

Each sample, after final sintering, was tested and the pro-
perties of the material evaluated, Thc bars made from the MD 105
powder had the best properties and 1t was selected as ihe basis in
subsequent studies,

In this series of tests the emphasis was laid on the properties
of alloys at elevated temperatures.

In general, the following data were collected:

1. Density of compact
2, Tensile strength
3. Elongation and reduction in area

4 Hot hardness

5. Creep values

TiOp (Anatase) was selected as the non-metallic addition in
this series of tests, 1In choosing this particular oxide, considera-
tion was given to its low density apd heat resisting properties,

The oxide was incorpocrated into the copper powder by means of a

thorough mixing,

Increasing the amount of oxide lowered both the strength and

the ductility (Table VIII and Figure 9),

12 order to improve the tensile strength, a fixed amount of tin

(7%) was added to the mixture of copper powder and TiOp. The samples

were tested for hot hardness, and the data are given in Table IX and

in Figure 10,
and the data are given in Table X,
12

An identical set of tensile bars was tested for creep,




TABLE 1

(4]
Data on Copper Powders

Mesh Size, In Percent of Fraction

Chemical Compositiopn

(Qualitative Spectrochemical
Analysis)

Iron, Zinc 0,01 to
0.1% (each)

Tin, Iron 0.03 to
0.3% (each) '

Aluminum, Silicon,
Lead, Zinc, Calcium
0.01 to 0.1% (each)

Tin, Iron 0,03 to
0.3% (each)
Aluminum, Silicon,
Lead, Zinc, Calcium
0.01 to 0.1% (each)

Iron, Zinc 0.01 to
0.1% (each)

- Description +100 + 200 + 325 - 325
Belmont
#250 Flake
MD 105 - 0,1 0.9 97.0
MD 151 0.1 16.3 25,6 58.0
USMRC "Q" 70 30
13




TABLE 11

Density and Hardness of Compacts Made From As -Received Powders

Sintered Density

Pressing Green Density (4 hours at 700°C
Powder Pressure (as pressed) in helium) Sintered Hardness
% of % of Brinell
t.s.1. gr/cc theor, gr/cc theor, J scale (conv,)
MD 105 15 6.14 68.5 6.38 71.0 100 16
fine 30 7.26 81.0 7.24 81.0 111 43
45 7.81 87.0 7.58 84.5 115 53
60 8,04 90,0 7.39 82,5 113 48
75 8.20 91.5 T.13 79.5 112 45
15475 8.23 92.0 7.23 81.0 - -
MD 151 15 6,64 74,0 100 16
medium 15 6.53 73.0 6.63 74.0 99 14
fine
30 7.67 85.5 7.67 85,5 113 48
30 7.67 85.5 7.67 85.5 114 50
45 8,12 90.5 7.90 88.5 113 48
45 8,22 92.0 7.92 88.5 115 53
60 8.49 95,0 7.76 86.5 112 46
60 8.45 94,5 7.84 87.5 114 60
75 £,61 96,0 7.71 86.0 110 39
75 8.54 95.5 7.84 87.5 111 43
USMRC 15 6.85 76.5 6,82 76,0 160 16
coarse 15 6,80 76.0 6,60 61.5 70 -
30 7.88 88.0 7.58 83.5 107 30
30 7.89 88.0 7.54 83.0 93 -
45 8,39 93.5 7,90 88,0 110 39
45 8,35 93,5 7.80 87.0 98 12
60 8.60 96.0 7.98 89,0 109 35
60 8,60 96,0 7.94 88.5 102 19
75 8.76 98.0 8.02 89,5 105 26
75 8,70 97.0 7.95 89,0 108 33
Belmont 15 7.68 86,0
#250; flake 30 7.75 86.5
agglomera- 45 7.74 86.5
ted with 60 7.95 89,0
Xylene 75 7.85 88.0
14




Powder:

TABLE Il

Effect of Briquetting on Density

MD 105 - fine, as-received condition

Initial

Green Density

Density after sintering 1
hour at 425°C in He, and

Density after sin-
tering 4 hours at

Pressure (as pressed) pressing as shown 700°C in He
% of Pressure % of theo- % of theo-
t.s.i gr/cec  theor. t.s.i. gr/cc retical gr/cc retical
15 6,20 69.0 15 6.37 71.0 6.52 73.0
15 6.14 68.5 30 7.30 81.5 7.35 82.0
15 6.19 69.0 45 7,823 87.5 7.59 85.0
15 6.12 68.5 60 8,10 90.5 7.41 83.0
15 6.16  67.0 75 8,19 91.5 7.29 81.5

15
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TABLE V

Densities of Compacts from Hydrogen-Reduced and Nodularized Powders

Sintered Density

Density of Sintered
Specimens aftier
Celd Reduction of
20% by Hammer and

Sintered Hardness 4

Pressingg 4 hours at 700°C Resintering 2 hours
Pressure in He at 900°C in hydrougen Helium
B % of theo- % of theo- Brinell
t.s.1 gr/cc retical gr/cc* retical J Scale (conv,)

(Powder MD 105-fine, reduced in hydroger 1 hour at 335°C, moistened

i with xylenc,

(Powder MD 15l-medium fine,

agglomerated?
7.80 87.0
8.03 89.5
8.10 90.5
8,07 90.0

reduced in hydrogen

7.87 81.0
7.31 81.5
7.08 79.0
7.13 79.5

moistened with xylene, agglomerated)

45
60
75
90

7.93
8.21
8.23
8.21

88,
91,
92,
91.

SQouv

7.60 85.0
7.57 84.5
7.52 84,0
7.60 85.0

116 56
119 71
119 71
119 71

1 hour at 335°C,

112 44
115 53
116 56
115 53

“ Determined by Archimedes Method,

17




TABLE VI

Effect of Vacuum Sintering on Density

I T T B ST S NI A A A0, .0

' Powder: MD 105; fine, reduced in Hp, 2 hours at 4759C
Density after Sintering
' Pressing Green Density 3 hours at 480°C and 2
Pressure (as pressed) hours at 700°C, in vacuo Sintered llardness
i % of
' theore- ‘ % of theore- Brinell
t.s.1, gr/cc tical gr/cc tical J Scale (conv.)
i — b
i 30 7.50 84.0  7.72 86.5 117 64
. 45 8.00 89.5 bubbles - - -
; 60 8.27 92.5 bubbles ~ - -
: 75 8.48 85.0 bubbles - - -
!
]
18
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TABLE VII

Schedule of Special Processing for High Density

Powder: MD 105:; fine, reduced in hydrogen, 4 hours at 450°C

I

Treatment Density Hardness
% of Brinell
' gr/cc theor. J Scale (conv.}
1) Pressed 30 t,s.i., sintered
one-half hour at 700°C, 210 mm
absolute pressure Hg, 1 hour at 7.74 86.5
700°C, in vacuo, 1 micron 7.60 85 0
2) As in 1), then repressed 60 t.s.i .40 94.0
8.25 92,0
3) As in 2), then resintered 2 hours
at 480°C, 600 mm absolute pressure 8.40 94.0 118 66
Ho, 4 hours at 7000C, in vacuo, 1 8.25 92.0
micron
4) As in 3), then repressed 8,61 56.0
75 t.s i, 8.60 96.0

1)

2)

3)

4)

Powder: MD 151; medium fine, reduced in

Pressed 30 t.s.i., sintered one-
half hour at 700°C, 210 mm
absolute pressure Hg, 1 hour

at 700°C, in vacuo, 1 micron

As in 1), then repressed
60 t.s.1i,

As in 2), then resintered 2
hours at 480°, 600 mm absolute
pressure Hg, 4 hours at 700°C,
in vacuo, 1 micron

As in 3), then repressed
75 t.s.1i.

- =

@ w

o w

o sliv ]

hydrogen, 4 hours at 450°C

.84

.58
.64

87.5
87.5

96.0
96.5

96.0
96.5

98.5
98.0

117 64

19
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The Evaluation of the Effect of TiOg Additions

TABLE VIII

! On The Mechanical Properties of the Tensile Test Bars
=
N B
Density Tensile Elon-
i Powder Description Strengﬁh gation
ﬂ Processing Method and Composition gr/cc 1b/in %
! Powder reduced at 450°C MD 105 Pure 8.58 32900 32
for 4 hours in H2 atmos-
phere, Powder was mixed MD 105 & V2% TiO9 8.56 31040 16
| with TiOg and pressed at
i 15 t.s.i., sintered first MD 105 & L'/ TiOCsg 8.50 30920 13
in partizl pressure of H
for 2 1/2 hours at 700°C MD 105 & 2% TiOg 8,355 27220 6
§ and then in vacuo for 5
hours at 700°C. Repressed MD 105 & 4% TiOg 8.15 21520 3
at 60 t.s.i., sintered
G again, first in partial MD 105 & 8% TiOg 7.87 15130 3
press of Hg for 2 1/2
hours at 700°C and then MD 105 & 12% TiOyp 7.70 11780 3
‘ in vacuo for 17 hours '
*  at 900°C, MD 105 & 16% TiOg 7.35 7390 2
—rv— i _
1
20
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TABLE X

Effect of TiOg Additions on the Creep Properties of Pressed MD 105

Processing Technique

Composition

Number of Hours
at 700°F and
5000 1b/in?

s A Irl

Powder reduced at 480°F for four hours
in Hy. Mixed with 7% Sn and Ti02 and
pressed at 15 t.s.i, Presintered at
4809C in partial pressure of H, for 1
hour, then sintered in vacuum Tor 15
hours at 6479°C. Samples were then re-
pressed at 60 t,s.i., and then sintered
again first in He for 2 hours and then
in vacuo for 15 %/2 hours at 750°C
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Figure 6

Sintering Apparatus, Showing Vacuum LEquipment
and I'urnacc for Purification of Hydrogen
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PART 11

TITANTUM POWDHERS
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ANTRODUCTION

A change was made in the material under study. The
effect of titanium dioxide additions to a titanium-tin alloy
was determined. Tin has proven to be a useful alloying
element in titanium (TML Report No. 19, October 18, 1955,
and it was believed that it would bond the titanmium powder
at temperatures low enough to prevent any reaction of the
oxide with the titanium, Tin is soluble in alpha titaniem
to over 14 atomic per cent (over 25 weight per cent); and is
a pronounced alpha stabilizer (M. K. McQuillan, J. Inst.
Met. 84 (19535-56)307).

Titauium dioxide should seive as a barrier to grain

growth and should impede flow at elevated temperature.

MATERJALS:

The titanium powder was supplied by Metal Hydrides 1nc,
according to the following specifications-

Chemical Analysis

Ti 95,0 - 98,0% (degassed:
H 0 - 0.3
Ca, 0,01 - 0.1
C 0 - 0.1
Fe 0.01 - 0.1
N 6.30 - 6.7
Si 0.01 - 0.2
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Screen Analysis

7% ~-3235

7 -200 #325
7 -200 £270
5 ~100 £200
4 £100

National Formulary grade titanium dioxide (Anatase)
was purchased from H. Kohnstamm and {ompany. Inr, The tin
powder was supplied by the Mcheoar (hemical Company according
to the following specifications:
Chemical Analysis® Pure virgin Straits tin, 99.8% Sn
Scieen Aralysis:e 94% 325
6 -200 <325

PROCEDURE:

The tin, titanium dioxide and titanium were ball milled
for 30 to 45 minutes with enough water to yield a heavy slurry.
The balls were separated from the slurry by partialily drying
the mass over a screen. The resultant material was then pushed
through a 20 mesh screen. Agglomeraced particles were obtained
and were pressed diiectly. Kecause of the moisture remaining
1in the press feed., water was squeezed out of the c¢ompact during
pressing. This served to displate entrapped air and pre..
cluded Jdistortion on sintering,

The die consisted ot 4 1 14 1nch diameter plastic mold-
ing die shrunk 1into a mild steel ring ot 3 inch wall for rein.
forcement. (See Figure 2a of Part | of this Report.. In order
that the compacted slug tould be ejected without crarking, 1t
was necessary to have an 0,008 inch taper on this ejection di-

ameter, load four times up to full pressure, and lubricate the
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die walls (Lubriplate). The slugs were sintered either under
vacuum or in a helium atmosphere in the apparatus shown in
Figure 3 of Part I of this Report. Hot hardness measurements
were made on the equipment shown in Figure 7 of Part I of

this Report. Density was determined both by the weight-

volume method and by weight-in-water, weight-in-air. 1In
this latter method the samp}es were sprayed with lacquer to '
gseal the pores,
Before hardness readings were made the samples were
surface ground for parallel faces. Those specimens tested
for hot hardness were further center drilled to admit the
thermocouple, as indicated in Figure 7¢ of Part I of this
Report,
Runs were made to evaluate the effects of (a) pressing
pressure on hardness and density of sintered compacts, (b)
sintering temperature on hardness, (c) sintering time on

hardness, (d) tin on hardness and density, and (e) titanium

dioxide on hot hardness,

RESULTS:

(a) Effect of Pressing Pressure on Hardness and Density
of Sintered Compacts,

Mixes of 8 weight per cent tin, balance titanium, were
pressed under pressures varying from 20 to 70 tons per square
inch. After vacuum sintering at 1700°F the samples were
measured for hardness and density. These data'are given in

Figures 1 and 2,

40




- ]

(b) Effect of Sintering Temperature on Hardness

The same mix as in (a) was pressed into a sample under
65 tons per square inch., This specimen was sintered at
successively higher temperatures from 1100 to 1800°F. The
data of this series of runs are presented in Figure 3.

(¢) Effect of Sintecring Time on Harduness

A sample made as in {(b) was sintered at 1700°F over
several periods of time, varying from 1/2 hour to 8 hours.
The hardness data are shown in Figure 4.

(d) Effecti of Tin Content on Hardness and Density

Mixes were made with tin varving from 1 to 20 per cent
by weight, They were pressed at 65 tons per square inch
and sintered for 2 hours at 1700°F in a helium atmosphere.
Hardness and density data are given in Figures 5 and 6,

(d) Effect of Titanium Dioxide Content on Hot Hardness

Mixes were made with tin at 8 weight per cent and varying
amounts of titanium dioxide (0 to 16 weight per cent), pressed
at 65 tons per square inch, and sintered for 2 hours in a
helium atmosphere at 1700°F. The compacts were tested for
hot hardness (under a helium atmosphere) and the data are
given in Figure 7, Also plotted on the same graph are the
data taken on a wrought alloy containing 6 per cent aluminum,
3 per cent molybdenum, and a qualitative indication of boron.
This alloy was suppliied by Dr. F. A. Crossley of the Armour

Research Foundation,
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DISCUSSION:

Hardness and density increased with pressing pressure,
but 65 tons per square inch was chosen as the presgsing pressure
to use in the following experiments because of die wear and
distortion at the higher pressures. Hardness also increased
with teﬁperatures, but 1700°F was selected as the sintering
temperature because of the limitations of the sintering
chamber. After a rapid rise in hardness during the first
sintering periods the specimen did not change appreciably in
hardness from 2 to 8 hours and the former was selected as the
sintering time.

Tin content did not change the hardness significantly but
it did increase the density markedly. It should be noted that
the densities of the compacts were about 80 per cent of
theoretical. The value of 8 per cent tin was selected since
it did not raise the density too much and yielded good bond-
ing of the titanium.

As expected, the presence of titanium dioxide in the
specimen resulted in improved hot hardness, but the best values
were below the performance of the wrought alloy, A 12 per
cent addition of titanium dioxide to the 8 per cent tin base
had the highest hot hardness values over the range tested (100-
1200°F), The addition of titanium dioxide did not lower the
density. This can be explained by considering that the oxide
served to fill the pores of the compact, There is some
potential to these alloys as new light weight engineering

materials.
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PART III

ZIRCONIUM POWDERS
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INTRODUCTION:

The work of this phase was confined to the study of zirco-
nium alloys made from mixtures of the metal powders and zirco-
nium hydride. The major emphasis was placed on zirconium-tin
alloys. Duc to the presence of impurities, probably nitrogen
and oxygen, the compacts were brittle and hard. These materials
had excellent corrosion resistance to acids but did not have the
same order of corrosion resistance that pure crystal bar zirco-~
nium has, Zirconium hydride was chosen as the starting material
because of the excellent res:lté reported by H. H. Hausner and
E., 8. Kalish (see "Metallurgy of Zirconium," B, Lustman and F.
Kerze, Jr., McGraw-Hill Book Co., 1955, pp. 280~-302). They
achieved theoretical density of 6.59 grams per cubic centimeter
at 50 tons per square inch pressure followed by a sintering
treatment at 1200°C for 5 hours under a vacuum of 2x10'5 mm Hg
at temperature. Upon being heated above 400°C in a vacuum the
hydride begins to decompose and hydrogen is evolved, leaving
highly activg surfaces on the zirconium perticles, which should

serve to promote rapid sintering.

MATERIALS:

The zirconium hydride powder was purchased from Metal
Hydrides, Inc., as Grade E powder, and anulyzed 96.9 per cent
zirconium and 1.98 per cent hydrogen, with an average particle
size of 4,1 microns, It was principally epsilon ZrH. The tin

powder was purchased from the McGean Chemical Company as pure
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virgin Straits tin, containing 99.8 per cent tin (beta-phase)

with 94 per cent of the powder through 325 mesh and the balance

through 200 mesh, Carbonyl iron powder, Grade L, (99.6 - 99.9
per cent iron, average particle diameter of 20 microns) was
supplied by Antara Chemicals Division of General Dyestuff Conr
poration, and 99.9 per cent nickel powder (100 mesh) was

obtained from the Oak Ridge National Laboratory. Acheson

graphite powder, grade GP 38, was purchased from the National

Carbon Company, The silver was purchased from Goldsmith Bros.
as 100 mesh, high purity powder.

The addition agents described above were selected as
materials which would alloy with zirconium and possibly over-
come the deleterious effects of oxygen and nitrogen as well
as promote sintering. It was expected that tin would permit
good bonding when non-metallic aggregates were added, since
it would bae liquid for part of the time during sintering and
should flow around the particles. Graphite was studied as a
non-metallic addition that should provide lubrication during
pressing as well as act as a barrier to grain growth, 1t was
expected that the carbide which formed during sintering would

act as a further impediment to grain growth of the zirconium.

PROCEDURE:

The powders were, at the beginning of this study, blended

with xylene. It was thought that the xylene would improve the

mixing and prevent air from being entrapped in the compact

during pressing. A presintering operation was required to
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volatilize the xylene; this ronsisted of heating for 1 hour
at 425 to 525°C under a slight positive pressuvre of hydrogen.

It was found that the milling operation with xylene was
not necessary, and standard procedurce consisfed of the

following steps:

1, mix powders dry im jar miitl, wiibh penbles,

2, press at 65 touns per SYULoe 1o b,

3, sinter at 950°C 1n vacuum.

Zirconium hydride had 2 tenideansy to =120 to the hardened
steel walls of the die and galled upoo e¢jyectios,  ft was found
necessary to lubricate the walls of tne dic with a dry molyhb-
denum disulfide lubricant (Mulyhote powder: t, avold scoring
of the die walls and to avoid creching ol tbhe Compacts upon
ejection,

When xylene was used, some reaction occurred between it
and the hydride during presintering to yield a very unpleasant
smelling product.

X-ray diffraction patterns wece made to determine the

crystalline forms of the components present 1 the compacts,
The compacts were pressed in the die acvd sintered in the
vacuum furnace described in Part | of the Report, Tensile bar
specimens could not bhe pressed vocause of the S¢i o 1¢ between
the hydride and the die walls. The chatter during ejection
completely shattered the green tensile bar. Ihe ration of the
area in contact with the die wallis to the total arca of the

compact was about twice as great in the teusile specimen as

it was in the cylindrical specimen,
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Microscopic examination did not yield any observations of
value other than disclosing the presence of a very finely dis-
persed precipitate throughout the material, The specimens could
not be prepared by the chemical polishing procedure useful on
crystal bar zirconium and on Zircaloy-2 bhecause of their lowered
corrosion resistance., Even diamond policshing did rnot piepare
the surface well enough to show the extinctions usually observed
when zirconium is rotated in polarized light.

During sintering the compacts were supported on trays. At
first the trays were of stainless steel, floored with zirconium
sheet; but because of reaction between the two metals and the
tin of some of the compacts, a graphite cylinder was used as
the boat for the balance of the sinterings.

Hot hardness determinations were made by use of the appa-~
ratus described in Part I of this Report. A helium atmosphere

prevented excessive oxidation.

RESULTS

The effect of pressing pressure was dotermined on a 16
per cent tin -5 per cent graphite mix, usiang a 24 hour sinter
at 810°C (Figure 1), A pressure over 50 tons p.s.i. was found
to be necessary to obtain compacts of good bond strength. The
compact pressed at 35 tons p.s.i. was so loosely bonded after
the sinter that upoun grinding it emitted an intense, white
spark stream with almost explosive violence, The sintered
specimens consisted of Zirconium, tin, graphite, zirconium

carbide, and undecomposed zirconium hydride,
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A series of specimens with a 5 per cent graphite base and
various tin contents up to 8 per cent were pressed and éintered
for 132 hours at 870° (Figure 2). All the hydride had decom~
posed but considerable amounts of zirconium carbide had formed;
excess graphite was also present,

A series of specimens with 8 per cent tin base and various
graphite contents up to 6 per cent were pressed and sintered
for 35 hours at 9509C (Figure 3), Increased carbon resulted in
decreased density and markedly decreased hardness. The amount
of carbide formed increased with the graphite content,

Two series of specimens were made in which tin was varied
up to 24 per cent, balance zirconium. The first series (Figure
4) was milled with xylene, as were all the mixes described pre-
viously. The second series (Figure 5) was milled dry, as were
all mixes to be subsequently described. No benefits of xylene
milling were found and the practice was abandoned, Sur-
prisingly, tin additions abovs 4 per cent decreased the demnsity
and the hardness of the sintered compacts. The compacts also
lost much of their corrosion resistance, Additions up to 4
per cent tin increased the density and the hardness upon 60
hours sintering at 950°C. The hardness increased up to 8 per
cent tin in the series sintered for only 6 hours at 95000,

Although these specimens were sintered on zirconium
strip supported by stainless steel trays, they had dull gray
surfaces upon removal from the sintering furnace, X-ray dif-
fraction analysis showed this conating to be zirconium carbide.

After removal of this coating by grinding and after etching in
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50 ml nitric acid-50 ml water containing a few drops of hydro-
fluoric acid for 15-30 minutes, a well-defined X-ray diffraction
pattern of hexagonal alpha-zirconium was obtalned (see Table and
Figure 6), The specimen was hard (42 Rockwell C) and unma-
chinable.

The effect of tin on the X-ray diffraction pattern was
negligible until the composition corresponding to Zr4Sn (24% Sn)
was reached; even then, the pattern of alpha 7r was dominant.
This indicated that tin may have been lost by volatilization
during vacuum sintering, X-ray data for the specimens of
Figure 5 are given in the Table.

The iron zirconium alloys, on the other hand, developed
extra lines, probably-due to FepZr, at 1 per cent iron addition,
Iron also increased the sintered density and the sintered hard-
ness (Figure 7).

Nickel did not produce as high a sintered density as did
iron even though, of itself, it is a denser metal. The hardness
decreased with increased nickel content (Figure 8), The X-ray
diffraction pattern disclosed the presence of a second phase,
presumably ZroNi, in the 1 per cent nickel and higher alioys,

The addition of silver up to 4 per cent increased the
density and decreased the hardness (Figure 9), This effect on
the density was in contrast to the effect of tin, which, as
noted previously, produced a decrease in density beyond a 1
per cent addition.

Hot hardness determinations were made on several specimens

containing tin (for which the hardness and density data are
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presented_in curves B of Figure 5). The results are shown in
Figure 10, The drop in hardness with temperature of these
specimens closely paralleled the drop for Zircaloy-2; but the
hardness values were all higher since the material was so much
harder at room temperature., The high purity iodide zirconium

dropped off in hardness with temperature very rapidly.

DISCUSSION:

The compacts produced in this study were much harder than
the sintered materials reported in the literature. The hard-
ness of dense sintered zirconium is ;eported as 90 to 94

Rockwell B (Metallurgy of Zirconium, p, 296)., It is also

reported to have high ductility and to be readily cold rolled.
The dense zirconium produced had a hardness of 40-45 Rockwell
C. This was undoubtedly due to oxygen and nitrogen; it is
believed that this contamination may have taken place during
gsintering even though a vacuum 5x10~4 mm Hg was achieved at
950°C after the hydrogen had been expelled. The hydride
powder, itself, may have contained sufficient oxygen and
nitrogen_to result in the hard and brittle sintered material
produced, Some molybdenum sulfide was picked up by the compact
due to its being used as a die lubricant, which could also have
added to the hardness,

Alloy additions served to raise tﬁe hot hardness, but the
most marked hardening agents were the contaminants, oxygen and

nitrogen,
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HIGH PURITY ZIRCONIUM:
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Another attempt (see Status Report ') was made to prepare
compacts of zirconium for grain growth study. A special grade
of high purity zirconium hydride was purchased from the Metal
Hydrides, Inc., ($35.00 per pound).

The procedure for preparation of specimens was similar to
that described previously, except that the sintering was
carried out in a smaller apparatus capable of reaching higher
vacuums than the equipment used for the iron specimens,

Compacts of the pure hydride were made by pressing in the
carbide pellet press without using any lubricant. They were
pressed at 35 tons per square inch and sintered for one-~half
hour at 950°C under vacuum. The sinterings were then repressed
at 75 tsi and resintered under vacuum for times varying from
one-half hour to two hours,

Despite the fact that very fine zirconium hydride was
used, and that the hydrogen had been brought down to an equilib-
rium pressure of 1072 mm at 950°C, the sinterings were heavily

cracked and very little densification had occurred.

k]
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TABLE

X-ray Diffraction Data on Sintered Specimens of Zirconium-Tin Alloys

Z
1
g
!

d values
- T T ,
Crystal | ! ! 1 24% Sn
Bar 0% 0.5% | 1% 2% | 49 8% : 16% weak re-
Zirconium' Sn Sn | Sn Sn Sn . Sn flections
py 1 - = T
) I ! i
: Sintered B hours at 950°C; ;
‘ i | i : '
! 2,798 2,805 2,805 ! 2,805 2,804 ° 2.804 2.804 ! 2,804
2.573 | 2,586 2.580 ! 2,586 @ 2,585 2.585 2.585 | 2,585
, 2.459 2,469 2,465 I 2.469 . 2,469 2,469 2.469 2,469
i 1.804 |, 1.899 1.899 [ 1.899 1.899 1.899 | 1.899 1.899
l ' 1.616 ' 1,618 1.618 ’ 1,618 1.618 | 1,615 ' 1,615 1.618
' 1.463 i 1.467 1.467 i 1.467 1.467 i i
; i 1.397 1.400 ; 1.402 1,406 | !
| | 1.368 , 1.372 . 1.372 | 1,372 | 1.372
' 1.350 1,354 ! 1.354 ; 1,354 . 1.353
i 1 ) :
! i } - - - OTHER LINES - - -
| 5 2.89
' l i 2.76
j ' 2.68 2.68
! ' 2.49 2.49
! ' } : 2.39 2,38
S R T A
: Sintered 60 hours|at 950°0C i 3
’ ; i
. ' 2.80 2,804 2,804 ! 2,796 - 2,796 - 2,796 : 2,796 2,796
2,58 2,578 2.580 2,578 , 2,586 @ 2,578 2,586 2,586
‘ 2.469 2.469 2,469 2.462 | 2.462 | 2.462 2,462 2.462
1.90 1.899 1.899 i 1.895 | 1,899 : 1,895 1.895 1.899
1.62 1.618 1.617 i 1.615 | 1,615 ;: 1,613 1.615 1,613
, 1.467 1.467 1.467 @ 1,465 i 1.465 @ 1,467 1.467 1.465
] 1.400 | 1.402 | 1.400
' 1.373 . 1.372 1.372 1.370 | 1.370 ! 1,368 1,372 1.368
1.354 1.353 1.353 1.351 % 1.351 : 1.349 1,349
| | !
| ? , ~ -|- OTHER |LINES -|- -
f 2,90 2.90
| 2,76 2 76 2.76 2.76
, .49 | 2,49 2.49
2,388 2,392
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PART IV

IRON POWDERS
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MATERIALS:

Two types of iron powder were first examined to select one for
further study. The Hoeganaes Sponge Iron Corporation supplied
samples of their purest iron powder (Ancor 80) and of their finest
irpn powder (Ancor 200). The General Aniline and Film Corporation,
Dyestuff and Chemical Division, Linden, New Jersey, supplied a

sample of carbonyl iron powder (Grade L), batch B 20-16, PQ-23, On

the basis of density obtainable in the sintered compact, the carbonyl

iron powder was selected for further study.

Various additions were used as grain growth restrainers. They
are: T.A.M, C,P. zirconia powder, Metal Hydrides Company Grade E
zirconium hydride powder, Metals Disintegrating Company MD 105
copper powder, and Reynolds #400 atomized aluminum powder, Thorium
oxide, Code 112, was purchased from Lindsay Chemical Company of
West Chicago, Illinois, Cerium oxide, Lot No, 670, waz purchased
from Research Chemicals, Inc., Burbank, California, as was neo-
dymium oxide, Lot No. 688, gadolinium oxide, (98%), Lot No. 680,
dysprosium oxide, (98%), Lot No. 677, and lanthanum oxide, (99%),

Let No. 686,

PROCEDURE AND RESULTS:

Development of Basic Procedure

Since the purpose of this study is to evaluate the effect of
nonmetallic particles in controlled additions to metals on the
strength and grain structure, metal powders of high purity are
required., Furthermore, to minimize the effect of porosity a high

density sintered product was desired. A preliminary experiment
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was run on three iron powders., The data (Table I) show the marked
improvement in density obtained in the carbonyl ircn.

The general procedure followed throughout this work with
carbonyl iron was:

1, press at low pressure

2, sinter to produce high shrinkage in an atmosphere
that will first reduce the oxide on the metal
surfaces and then will degas the metal

3. repress at high pressure

4, resinter in atmosphere as (2).

The way a reducing-degassing atmosphere combination was
attained was to add seversl specimens of pressed zirconium hydride.
The volume of hydrogen (STP) released from a 40-gram compact of
ZrH is 4,875 cm3., The release of hydrogen begins when the evacu-
ated system is heated above 400°C and continues up to the sintering
temperature. The total pressure rilses to over 1 mm of mercury.
After several hours the original vacuum of 104 mm is again attained
(10=5% mm at room temperature). The zirconium metal then remaining
acts as a getter for any remaining gases in the system.

Copper additions were made to both the sponge iron and the
carbonyl iron powders (Tables II and III), and although an improve-
ment in strength was noted, the ductility was decreased, and it was
decided not to use the alloy base for nonmetallic additions. The
reason for the lack of improvement with copper was the limitation on
sintefing temperature. Sintering could not be done at a high enough
temperature to achieve liquid phase bonding by the copper. Aluminum

was tried also but yielded poor results.
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It was thought that a novel modification of the method of
internal oxidation for dispersing an oxide phase throughout a metal
matrix would be to mix in zirconium hydride powder; during vacuum
sintering the hydride is decomposed - any oxide on the metal
particles 1s reduced by the hydrogen, and the zirconium producéd
acts as a getter for the water vapor produced, being thus converted
to oxide itself,

An experiment was conducted with tensile bars in which the
added zirconium hydride content varied from 0 to 4 per cent by
weight. The data of Table IV show that a 1 per cent addition was
effective in raising the strength by 20 per cent without loss of
ductility. As can be seen from the photomicrographs of Figure 1,
the addition of 1 per cent ZrH resulted in marked resistance to
grain coarsening, Beyond this amount the grain size was even finer
but the material suffered greatly in ductility, The very coarse
grained specimens showed markedly irregular deformation., The 2
and 4% Zr-containing specimens displayed brittle fracture,

Another experiment was run in which Cu and ZrH were added, but

the examination was confined to grain size measurements. The grain

growth restraining ability of the Zr addition became less the higher

the sintering temperature, as shown in Table V and in Figure 2., The

copper addition had no grain growth restraining effect since the
sintering temperature was not high enough to cause it to flow; the
copper remained as discrete particles partially diffused into the
surrounding iron. .

The effect of zirconium oxide added directly as zirconia,

rather than through the device of internal oxidation of zirconium,
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g was determined, The data are given in Table VI and in Figure 3.
L % It will be noted that the zirconia directly added was not as
effective a grain growth restrainer as was the zirconium oxide

produced by internal oxidation.

ek

J Series

The following mixes were prepared:

Identification Carbonyl Iron Powder Addition
J1 100% None
J2 99% 1% Zirconia
J3 99% 1% Thoria

Specimen slugs, 1/4 inch diameter x 3/8 in. long, were pressed
at 75 tons per square inch and sintered for four hours at 700°C,

They were then repressed at 75 t.s.i. and examined (Ja series).

Sintering was carried out at 700°C, using a programmed cycle of:

| heat to 700°C at 400°F per hour, hold for 4 hours at 700°C, cool

at 400°F per hour., Hydrogen at approximately 100 mm pressure was

the atmosphere,

| .
{ . { The following series of specimens were examined:

| Number of Heating Cycles
| tdentification In Addition to First Sinter
Ja 0]
Jb 1
Jc 2
Jd 4 ,
Je 8
Jf 11

Photomicrographs of some typical structures at 100X are given

in the accompanying Figures 4 and 5,
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The grain sizes were estimated by comparison with grids made
according to the ASTM grain size charts, i.,e.,, the grain size
number, n, is defined by the expression: Number of grains per
square inch at 100 magnification equals 28~1 (Table VII).

The sintering was done in the alpha ferrite region, and as a
result, the grain sizes were, in general, very small, The grains
of sinterings made from the carbonyl iron powder without additions
gradually coarsened from a very fine size to a fine size., The
grains of the sintering that contained zircon;a behaved similarly;
but the specimens that contained thoria experienced a different
grain growth pattern. Most of the grains remained very fine, and
a small fraction grew to a size that was relatively much larger,

It is not known whether this effect of the thoria was due to
a lack of uniform blending, or to partial solution of the compound
in some of the iron grains. It did act, for the most part, as a
very effective barrier to grain growth,

K Series

The following mixes were prepared:

Identification Carbonyl Iron Powder Addition
K1l 100% None
K2 99% 1% Zirconia
K3 99% 1% Thoria

Specimen slugs, 1/4 inch diameter by 3/8 inch long, were
pressed, using stearic acid asg a die lubricant, at 75 tons per
square inch (tsi) and sintered for four hours at-900°C, They
were then repressed at 75 tsi and resintered zat 950°C for four
hours hefore being examined (Ka series). Sintering was carried

out at 950°C using a programmed cycle of:
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1. Heat to 950°C at a rate of 205°C per hour.
2. Hold for four hours at 950°C,
3., Cool to room temperature at a rate of 205°¢ per hour,

The atmosphere during sintering was a low partial pressure of
hydrogen during the first part and a vacuum for the balance of any
given sintering operation. The partial pressure of hydrogen was
obtaiuned by charging a zirconium hydride briquet along with the
samples to be sintered. The furnacc chamber was evacuated, then
heated, At 400°C the zirconium hydride began to decompose, the
hydrogen reduced the oxides and the zirconium remaining reacted
with the water produced to form zirconium dioxide and hydrogen.

The iron samples were all coarse-grained, There was no grain
growth barrier effect noted in elther the specimens containing
Zzirconia or those containing thoria, The grain size was large
(ASTM<< 1 after 128 hours}.

There was no noticeable decrease in porosity due to sintering.
This was surprising in view of the results of Cizeron and Lacombe.(l)
They found that the porez disappeared in a sample of carbonyl iron
pressed at 21 tsi and sintered 785 hours at 895°C. They concluded
that sintering in the alpha range, becausc of the fine grain size,
permitted pore elimination; sintering in the gamma range produced
coarse grains and the pore volume was large.

It is necessary to plastically deform the sinterings before the
porosity can be reduced if the exceedingly long sintering times are

to be precluded,.

(1) G. Cizeron and P, Lacombe, Comptes rendus, July 25 (1955} 409.
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LOG OF K SAMPLES

TOTAL NO.

OPERATION OF CYCLES

lst Sinter (one cycle)
BREPRESS

2nd Sinter (one cycle)

Kal, Ka2, Ka3, Removed 1
3rd Sinter (one cycle)

Kbl, Kb2, Kb3, Removed 2
4th Sinter (two cycles)

Kecl, Kc2, Ke3, Removed 4
5th Sinter (four cycles)

Kdl, Kd2, Kd3, Removed 8
6th Sinter (eight cycles)

Kel, Ke2, Ke3, Removed 16
7th Sinter ( 16 cycles)

Kfl, Kf2, Kf3, Removed 32
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M, N, O Series

The following mixes were prepured:

Identification Carbonyl Iron Powder Addition
M1 100% None
M2 99% 1% Zirconia
M3 99% 1% Thoriz
N1 100% None
N3 39% 1% Thoria
01 100% None
03 99% 1% Thoria

Batches of 500 grams of the mix were milled with flint balls
in a quart-size porcelain jar for one hour. This time had been
determined to be the optimum by a study of the thorium content,
using X-ray fluorescent spectrography, of several samples’takeh
after each of several milling periods.

A carbide (Kennametal K94) pellet die was used for the 1/4
inch diameter specimens, and a Haller steel die was used to prepare
the tension test specimens. (Metal Powder Association Standard
10-50, pressure area 1.0 square inch,) The MPA specification calls
for a compaction to 0.200 - 0.250 in, thickness.

The first pressing was done under a relatively low pressure
{25~30 tons per square inch) and the repressing after the first
sinter was done under a relatively high pressure (75-80 tons per
square inch). The first sinter was done under a dry hydrogen
atmosphere to reduce any oxide present, and subsequent sinterings
after the repressing operation was carried out under vacua of 10-4
mm Hg.

The results are shown in Tables VIII through XI.

78




g
%
]
§

R 5 L

The density variations of the small pellets of the M Series
were fairly pronounced, Sintering time had little effect (from 4
to 68 hours at 850°C) on the density of any of the compositionms.

The oxlde additions lowered the density of iron; considering the
data for the longest sinter, the pure iron sample had 96,1% of
theoretical density (7.86), the iron + 1% ZrOg sample had 91,.6% of
theoretical (7.85), and the iron + 1% ThO, sample had 94.,2% of
theoretical (7.88).

As shown by the photomicrographs of Figures 6 and 7, there
was very little change in porosity amoung the specimens, The ferrite
grain, however, was considerably finer in the oxide-bearing iron than
in the pure iron.

The tensile bars of the N Series were processed in the same way
as were the samll cylinders of the M Series. Again, ther§ was no
regular influence of sintering time on the strength of ductility of
the specimen. The densities were higher and showed an increase with
increase in sintering time. Thoria slightly increased the tensi’e
strength and decreased the elongation. The cold working of the
tensile test raised the hardness from 10-15 to 60-80 Rockwell B.

In the few tests made of the high temperature strength no significant
advantage due to the thoria was found,

A modification was made in the processing of the O Series ten-
sile bars, It was realized that if repressing were to be of value
in reducing porosity a fair amount of plastic flow would have to
take place., After the {irst pressing and the sintering in a

hydrogen atmosphere the bars were placed in the tensile-bar die

cavity at 90 degrees to the usual position and pressed to 80 t.s.i.
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In the gage portion the bar spread from 0.180 to 0,225, and in the
grip portion from .180 to .343. The bulk of the deformation took
place at pressures of 30,000 for the iron and 45,000 for the iron
plus thoria., Subsequent sintering yielded significantly higher
densities, After 122 hours at 905°C the iron had reached 99,4%

of maximum density. The microstructure of Figure 8 shows that the
specimen was practically free of pores. Carbon pickup, probably
from the stearic acid lubricant, was close to 0,10% at the surface,
as shown by the photomicrograph of Figure 9., There was no carbon
pickup discernible in the specimen containing thoria.

When loaded to 50-60% of their room temperature tensile
strength, the oxide specimens ruptured in about half au hour at
1000°F, about two to four hours at 800°F, and at least 150 hours
at 700°F,

Ia those tensile bars in which the grain was coarse, as in the
carbonyl iron specimens sintered at 950°C, plastic flow during the
test was accompanied by a marked roughening of the surface, Sur-
faces of several fracturgd test bars are shown in Figure 10,

P and R Series

Identification Carbonyl Iron Powder Addition
P 100% None
R 99% 1% Ceria

Batches of 500 grams of the one per cent cerium oxide mix
were milled with flint balls in a quart-size porcelain jar for one

hour,
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A Haller steel die was used to prepare the tension test speci-
mens. (Metal Powder Association Standard 10-50, pressure area 1.0
square inch.) The MPA specification calls for a compaction to
0,200 - 0,250 inch thickness,

The first pressing was done under a relatively low pressure
(25 tons per square inch) and the repressing afiLer the first sinter
was done under a relatively high pressure (80 tons per square inch),
The specimens were turned 90 degrees in the die for the repressing.

The first sinter was carried out under a dry hydrogen atmos-
phere to reduce any oxide present, and, after the repressing
operation, the second sinter was carried out under a vacuum of 10-4
mm Hg. The temperature of the first sinter, in all cases, was 950°C,
and the time was 1 hour. The temperatures of the second sinter were
850°C and 950°C, and the time was 150 hours.

Both the room temperature and elevated temperature tensile tests
were made on a Baldwin lever arm creep test machine., The specimens
were placed in the machine, slightly pre-loaded, brought up to the
testing temperature and held at this temperature for 1/2 hour, and
then pulled to destruction in approximately 15 minutes,

The data are presented in Tables XII through XVI and plotted
in Figure 11,

In general, the effect of raising thertemperature of the ten-
sile test of the pure iron specimens was to lower the short-time
tensile strength, In the specimens containing 1% ceria, however,

a pronounced age hardening effect was noted over the range of
200-40CC%F, This hardening was particularly pronounced in the speci-

mens sintered at 850°C,
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Ceria definitely improved the high temperature strength
properties of the specimens sintered at 850°C, but had a negligible
effect on the high temperature strength of the specimens sintered
at 950°C, While the ductilities of both sets of ceria specimens
were very low at room temperature, they were much higher at tem-
peratures of 200°F and above in the specimens sintered at 850°¢;
the gain in ductility at the higher testing temperature of the
specimens sintered at 9500C was very slight,

In both sets of specimens, i.e., pure iron and iron plus 1%
ceria, the group sintered at 850°C was much stronger and had higher
ductility than the group sintered at 950°C,

The photomicrographs of Figures 12 and 13 disclose the fact
that the ceria addition had very little effect on preventing the
grain growth of the iron, This is in marked contrast to the effect
of thoria (J Series of this Report). Thoria not only resulted in
grain refinement in the specimens sintered high in the alpha region
(850°C), but also in the specimens sintered in the gamma region
(950°C),

Part of the reason for the relative ineffectiveness of ceria
as a grﬁin growth restrainer is probably its relatively coarse
particle size, It does appear, however, that the ceria particles
coalesced during the 9509C sinter; and it appeared that the thoria
particles, discussed in the previous report, coalesced only slightly
by raising the sintering temperature 100°C,

Figure 12a shows that the pure iron specimen was almost free of
porosity, and the density data of Table XVI confirm this observation

(99.7% of theoretical density).
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PI, Tec, U and W Series

Identification Carbonyl Iron Powder Addition
PI 100% None
Tc 99% 1% Neodymia
i) 99% 1% Dysprosia
W 99% 1% Gadolinia

Tensile test specimens were prepared by the procedure described
for the P and R series. Stearic acid was used as the die lubricant;
the second sinter was carried out at just one temperature, 850°C,

A mix containing 1% lanthana was also prepared, However, the
tensile test specimens which were nressed from the mix broke from the
slightest stress and were not tested.

The data which were obtained are presented in Tables XVII
through XX and Figure 14,

The tensile strength of the oxide additions did not differ much
from that of pure iron, with the exception of the gadolinia mixture, Up
throagh 600°F its tensile strength was consistently higher than any of
the cther mixes and pure iron, but at 800°F its tensile strength dropped
below that of pure iron.

The neodymia specimens exhibited a much lower elongation than the
others at all temperatures tested, The gadolinia specimens had a
lower elongation than pure iron and approximately paralleled that of iron
until 800°F was reached, at which temperature the gadolinia mix showed
greater elongation than pure iron. The elongation properties of the
dysprosia specimens were erratic, at some temperatures higher than

pure iron and at others lower than pure iron.
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TABLE I

Density and Hardness of Sintered Iron Compacts
(1 1/2 in, Diameter)

(Hydrogen + Vacuum Sintering)
Pressing Pressure: 65 tons/sdq.in,

Sintering Conditions: 15 hrs. at 720°C + 6 hrs. at 925°C
Densigy Hardness
Type gr/cm RB
Anchor 200 7.24 42
Anchor 80 7.16 34
Carbonyl 7.42 10
TABLE 11

Effect of Copper on the Hardness and Strength of Sintered Iron
(Anchor 200 Iron and MD 105 Copper)

Processing: (Hydrogen and Vacuum Sintering)
Mixes blended in ball mill, pressed at 30 tons

per sq. in., sintered 14 hrs, at 7002C, repressed

at 65 tons per sq. in,, final sintering-4 hrs,

910°C,
Lubrication: Lubriplate

Tensile Strength Elongation Hardness
% Copper psi % in 1 in, RB
33,700 16 32 ,
1 47,800 10 60 *
! 2 45,600 8 61 !
4 45,600 8 61 |
8 45,100 8 61
84
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TABLE I1I

Effect of Copper and Aluminum
On The Hardness and Strength of Carbonyl Iron

Processing: (Hydorgen and Vacuum Sintering)
Mixes blended in ball mill, pressed at 30
t.s.i,, sintered 48 hrs, at 700°C, repressed
at 65 t.s.i., final sintering-4 hrs. at 910°C.
Lubricant: Lubriplate

Tensile Strength Elongation
% Element psi % in 1 in.
1-Cu 42,100 . 31
1-A1 27,850 5
TABLE 1V

Effect of Zixconium Additions on
The Strength of Sintered Carbonyl Iron

Processing: (Hydrogen and Vacuum Sintering)
Mixes blended in ball mill, pressed at 30
t.s.i,, sintered 2 hrs. at 7200C, repressed
at 65 t.s.i., final sintering-12 hrs, at 925°C
1 hr, at 995°C 1 hr, at 1065°C. .
Lubricant: Lubriplate

% ZrH Tensile Strength Elongation Hardness
Added psi in 1 inch RB
None 30,700 37.5 10
0.5 32,400 30.0 12
1.0 37,000 36.0 28
2.0 30,400 8.0 20
4.0 37,600 8,0 30
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TABLE V

Effect of Copper and Zirconium on the Grain Size of Carbonyl Iron

Processing: (Hydrogen and Vacuum Sintering)
No Lubrication; mixes blended in ball mill,
pressed 30 t.s,i. 1/4 in. diameter die, sintered
16 hrs, at 705°C, repressed 75 t.s.i.
2nd sinter: 20 hrs. at 8700C
3rd sinter: 14 hrs, at 925°C
4th sinter: 20 hrs, at 10000C

Addition ASTM Grain Size After:
2nd Sinter 3rd Sinter 4th Sinter
None 6 3 3
1% Cu 3 3 3
1% ZrH 7 4 4
TABLE VI

Effect of Zirconia on the Grain Size of Carbonyl Iron

N

Processing: (Hydrogen and Vacuum Sintering)
No lubrication; mixes blended in ball mill,
pressed 30 t,g,i., 1/4 in, diameter die, sintered
15 hrs. at 775°C repressed 75 t.s.i.
2nd sinter: 11 hr, at 910°C
3rd sinter: 20 hr, at 9350C
4th sinter: 35 hr, at 9550C

ASTM Grain Size After:
Addition ist Znd Ird 4th Density, gr/cm3
Sinter Sinter Sinter Sinter After 4th Sinter

None 8 21 <l <1l 7.57
1% ZrOz 9 <] <] <1 7.57
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TABLE VII

Grain Size Values
(ASTH Grain Size Numbers)

Carbonyl Iron !
Treatment Alone With 1% Zr0gy | With 1% ThOg
| a1 Ja2 | Ja3
As pressed 75 t.s.i., 80% 12-13 50% 12-13 80% 12-13
sintered 1 cycle%* : 20% 8- 9 50% 9-10 ! 18% 7~ 8
repressed 75 t.s.1. { : 2% 6
As above Jbl ;. Jb2 i Jb3
sintered 1 cycle 100% 7- 8 8 9-.10 80% 12-13
y : Sop 212 . 20%2 5- 6
Jcl - Je2 _ Je3d
2 cycles 0% 9 : 90% 7- 8 80% 1l1-12 .
10% 6- 7 ° 10% 5- 6 50% 5~ 8
Jdl Jd2 Jd3
4 cycles 50% 7~ 8 10% 11-12 50% 12-13
30% 6- 7 70% 7- 8 20% ;7' 8
20% 5~ 6 20% 3- 6 30 /5=~ 6
8 cycles T Jel Jel Jel
50% 6- 8 80% 8- 9 70% 11-12
j 50% 5- 6 209 5- 6 30% 6-7
. Jf1 " JE£2 Jf£3
11 cycles : 60% 7- 8 60% 7- 8 60% 12-13
' 40% 6- 7 40% 5- 6 40% 5- 6

*A cycle consisted of a program sinter at a heating
rate of 400°F per hour to 1290°F, a 4 hour hold at
1290°F, and a cooling rate to room iemperature of
approximately 4000F per hour,
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TABLE VIII

M Series
Ml - Carbonyl iron
M2 - Carbonyl iron plus 1% zirconia

M3 - Carbonyl iron plus 1% thoria

Processing
1, Mixes ball milled one hour

2. Cylinders 0.250 inch diameter x 1/2 inch high pressed
at 35 tons per square inch (stearic acid lubricant)

3. Compacts sintered 4 hours at 85000, in vacuum

4, Sinterings repressed at 70 tons per square inch

o - 3 - _— o L]

5. Specimens

resintered at 850°C, in vacuum

Ma -~ 4 hours

Mb - 8 hours

Mc -~106 hours

Md -32 hours

Me -48 hours

Mf -68 hours
Density
Sinter Pure % of Iron % of Iron % of
Time Iron Theo- Plus Theo~- Plus Theo~

Hours gr/cc

retical 1% ZrQ0g retical 1% ThO5 retical

4 7.52 95.7 7.12 90.7 7.31 92,8

8 7.54 96,0 7.39 94.1 6.95 88.2

16 7.67 97.6 7.44 94.8 7.45 94.5

32 7.48 5.2 7.25 92.4 7.29 82.5

48 7.52 95,7 7.38 94,0 7.30 92,6

68 7.55 96.1 7.19 91.6 7.43 94.3
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TABLE IX

N Series
N1 - Carbonyl iron

N3 - Carbonyl iron plus 1% thoria

Processing
1. Mix ball milled one hour

2, Tensile bars pressed at 35 tons per square
inch (stearic acid lubricant)

3. Compacts sintered in hydrogen atmosphere
4 hours at 850°C (bright)

4, Sinterings repressed at 70 tons per square inch

6. Specimens resintered at 830°C, in vacuum

Na - 4 hours
Nb - 8 hours
Nc - 16 hours

Nd - 34 hours

Tensile Properties at Room Temperature

Pure Iron Iron plus 1% ThOg
Sinter Tensile % Tensile %
Time, Strength Elongation Strength Elongation
Specimen Hrs. p.s.1, in 2 in. p.s.i. in 2 in.
Na 4 35,350 37.5 35,350 25
Nb 8 35,950 35.0 _ 37,050 30
Nc 16 33,800 34.0 35,600 27
Nd 34 35,700 32.5 35,550 30
Density .
— Pure Iron Iron plus 1% ThO2
% of % of
Specimen Meas. Theor. Meas, Theor,
Na 7.64 97.2 7.26 92,1
Nb 7.62 97.0 7.44 94 .4
Nc 7.73 98.4 7.54 95.7
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N Series

TABLE X

Tensile Properties at Elevated Temperature

Sinter Time
Hrs.

Specimen

4

Pure Iron

Loaded at 60% of tensile,0.5 hr.
up to 950°F (part of grip end
broke in jaws)
Reloaded at 50% of temnsile, 0,5 hr,
up to 1000°F
. Elongation 55%

Iron plus
1% ThOg

Loaded at 50% of teasile, 0.4 hr,
up to 10009F
Elongation 12,5%

Pure Iron

Loaded at 50% of tensile 0.25 hr,
to 800°F and 1.75 hrs. at 800°F,
Elongation 30%

Iron plus
1% ThOq

Loaded at 50% of temsile, 0,25 hr,
to 800°F and 3.9 hrs. at 800°F,
Elongation 32.5%
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- TABLE XI

O Series

01 - Carbonyl iron

03 -~ Carbonyl iron plus 1% thoria

Processing

1) Mix ball milled one hour

2) Tensile bars pressed at 35 tons per square inch
(stearic acid lubricant)

3) Compacts sintered in hydrogen atmosphere
4 hours at 950°C (bright)

4) Sinterings repressed at 80 tons per square inch,
The specimens were placed on edge and pressed to
tensile bar shape. Most of the flow took place
before 15 t,s,i. for iron and before 23 t.s.i.
for the iron containing 1% thoria,

5) Specimens resintered:

Oa - 5 hours at 835°C, started out under vacuum,
but belt on pump broke towards end of run,
specimens scaled

Ob - 3 1/2 hours at 835°C in hydrogen (positive
pressure 1 inch Hg) specimens bright
Total time 8 1/2

Oc - 8 hours at 950°C in vacuum
specimens bright Total time 16 1/2

0d - 14 1/2 hours at 950°C in vacuunm
specimens bright Total time 31

Oe - 91 1/2 hours at 950°C in vacuum

specimens light grey, vacuum etched
Total time 122 1/2
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TABLE XI (continued)

0 Series

Tensile Properties at Room Temperature

Pure Iron

Tensile
Sinter Strengih
Conditions psi

% Elongation

In 1"

In 2"

Iron plus 1% ThO4

Tensile

Strength

psi

9 ®longation
In 1"

In 2¢

0a)

5 hrs. @ 835°C

lost vacuum,

Specs, scaled 35,250

Ob)

Additional 3 1/2

hrs. @ 835°C

in Hz

Specs. bright 35,150

oc)

Additional 8

hrs. @ 950°C

in vacuum

Specs. bright 35,000

0d)

Additional 14 1/2

hrs, @ 950°C

in vacuum

Specs. bright 32,780

oe)

Additional 91 1/2

hrs., @ 950°C

in vacuum

Specs, grey 35,600

48

45

47

31.5

35

30.5

30

30

38,150

37,650

39,000

38,200

39,500

32

42

45

47

25

21

27,5

27.5

30

Density

Pure Iron

Iron plus 1% ThOg

Sample Meas, % of Theor. Meas. % of Theor,
Ob 7.69 97.8 7.70 97.8
Oc 7.76 98.8 7.74 98.2
od 7.70 98.0 7.75 98.4
Oe 7.81 99.4 7.70 g7.8
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TABLE XII

Tensile Properties

Pa Seriesgs ~ Pure Iron
Sintered for 150 Hours at 850°C

Specimen Temperature Tensile % Elongation
No. of Fracture Strength (psi) 1 in., 2 in.
13 Room 32,750 40 26.5

6 Room 34,400 42 30
Avg. Room 33,575 41 28.2
1 230°F 29,200 35 21.5
9 250°F 29,850 27 17
Avg. 2400F 29,525 31 15.2
2 4000F 26,600 40 25
11 4000F 28,100 27 17.5
Avg. 400°F 27,350 33.5 21.2
1 600°F 20,750 48 30.5
14 600°F 20,850 55 28,5
Avg. 600°F 20,800 51.5 29,5
19 8009F 19,500 79 55
15 800°F 15,950 45 33
Avg, 800°F 17,725 62 44
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TABLE XIII

Tensile Properties

Pb Series -~ Pure Iron
Sintered for 150 Hours at 950°C

Specimen Temperature Tensile % Elongation
No,. of Fracture Strength (psi) 1 in, 2 in,
29 Room 32,100 35 25
30 Room 31,400 33 24.5
Avg., Room 31,750 34 24,17
33 2000F 24,000 28 20
31 200°F 25,550 35 23
Avg. 200°F 24,775 31.5 21.5
22 400°F 20,200 27 16.5
24 400°F 21,600 15 10
Avg. 4000F 20,900 21 13.2
26 600°F 15,850 20 12.5
35 600°F 18,500 29 20
Avg. 600°F 17,175 24,5 16,2
28 800°F 12,250 23 16
25 800°F 13,350 35 26
Avg. 800°OF 12,800 29 21

94




mm;ﬂmm»m@%mmmmm@a‘ i,

TABLE XIV

Tensile Properties

Ra Series -~ Iron plus 1% CeOgy
Sintered for 150 hours at 850°0C

i Specimen Temperature Tensile % Elongation
, : No. of Fracture Strength (psi) 1 in. 2 in,
1 Room 23,250 2 1
9 Room 21,200 1 1
| Avg. Room 22,225 1.5 1
i 7 200°F 31,850 10 8
|. 13 200°F 32,950 32 21
Avg. 200°F 32,400 21 14.5
|
‘ 6 400°F 32,400 25 15.5
' 12 400°F 31,200 23 14
: Avg. 400°F 31,800 24 14,7
! 4 600°F 27,000 22 13.5
: 3 600°F 24,650 23 20
Avg, 600°F 25,825 22,5 16.7
11 800°F 20,200 27 16.5
2 800°F 19,450 17 15
Avg. 800°F 19,825 22 15.7
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TABLE XV

Tensgile Properties

Rb Series - Iron plus 1% CeOs
Sintered for 150 hours at 950°C

Specimen Temperature Tensile % Elongation
No. of Fracture Strength (psi) 1 in, 2 in,
22 Room 16,400 3 2
24 Roon 18,050 3 2.5
Avg. Room 17,225 3 2.2
28 ' 200°F 18,100 4 3.5
i9 200°F 18,450 3 2
Avg. 200°F 18,275 3.5 2.7
20 400°F 19,050 5 4
23 4000F 19,650 5 4
Avg. 400°F 19,350 5 4
25 600°F 17,700 7 S
18 600CF 17,100 6 4.5
Avg. 600°F 17,400 6.5 4,7
27 B0OOQOF 14,700 10 7.5
16 B0OOCF 13,800 15 10
Avg, 800°F 14,250 12,5 8.7
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a, Density

TABLE XVI

Sintering Pure Iron Iron Plus 1% CeOy
Temperature Measured % of Theor, Measured % of Theor.
850°C 7.84 99.7 7.78 98.5
950°C 7.70 98.0 7.68 97.0
b. Averége Hardness - Rockwell F
Sintering
Temperature Pure Iron Iron Plus 1% CeOg
8500C 59.3 71.6
9509C 44.9 58.1
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TABLE XVIIX

Tensile Properties

PY Series - Pure Iron
Sintered for 150 Hours at 850°C

Specimen Temperature Tensile i % Elongation
No. of Fracture Strength (psi) | 1 in, 2 in,
T
4 Room 38,400 | 30 20
13 Room 38,400 ' 38 20
2 Room 38,400 35 24
Avg. Room 38,400 34 21
5 200°F 33,100 43 27.5
9 200°F 34,400 37 24
Avg. : 2000F 33,800 40 26
12 : 400°F 33,200 35 23
14 ; 400°F 31,800 30 19
Avg. Q 400°F 32,500 32 21
6 600°F 25,400 38 20.5
7 ; 600°F 25,600 35 22.5
Avg. ; 600°F 25,500 36,5 21.5
10 800°F 19,800 30 24
1 ' 800°F 18,500 34 25
Avg. 800°F 19,200 32 24,5
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TABLE

XVIII

Tensile Properties

Tc Series - Iron Plus 1% Ndg0g3

Sintered for 150 Hours at 8500C

Specimen Temperature Tensile % Elongation
No. of Fracture Strength (psi) 1 in. 2 in.
14 Room 39,500 I 15 12.5
12 Room 38,200 i 20 15
15 Room 38,700 © 10 7.5
Avg. Room 38,800 15 11.5
11 200°F 36,200 | 32 20

8 200OF 34,200 L 16 11
Avg. 200°F 35,200 L 24 15.5
1 400°F 29,200 .18 12
4 ; 400OF 29,100 : 34 21.5

i i
Avg. ; 400°F 29,150 ' 26 17
!
6 j 600°F 25,900 24 16
9 600°F 27,300 . 22 17.5
Ave. 600°F 26,600 | 23 17
‘ |
3 i 800°F 18,600 | 15 12
7 | 800°F 22,200 | 35 23.5
Avg. 800OF 20,400 25 18
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TABLE XIX

Tensile Properties

U Series ~ Iron plus 1% Dy203
siuteved for 150 Hours at 850°C

Specimen | Temperature | Tensile " % Elongation
No, of Fracture _ Strength (psi) 1 in. 2 in.
2 Room : 38,000 40 26.5
16 Room 39,000 38 22.5

3 Room ; 39,000 J 40 25
Avg. Room } 38,700 ' 39.5 24.5

12 i 200°F 1 33,700 35 24
9 i 200°F : 34,300 21 17.5

Avg, % 200°F : 34,000 28 21

5 ; 400°F : 29,700 34 22
10 ; 400°F ; 29,800 36 22,5

] N

Avg. , 400°F : 29,750 35 22

15 [ 600°F 5 24,200 28 19

4 600°F | 25,100 39 25

Avg. 600°F 24,600 33,5 22
13 800°F ' 18,500 38 26,5

7 800°F 17,500 40 27

Avg. ; 800°F i 18,000 39 27

| 1 B
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TABLE XX

Tensile Properties

¥ Series - Iron Plus 1% GdaQj
Siniered for 150 Hours at 850°C
Specimen P Temperature Tensile % Elongation
i No. { of Fracture Strength (psi) 1 in. 2 in,
8 i Room ! 41,200 26 19
4 | Room ‘ 40,600 26 17.5
1 5 ! Room 41,000 32 20
§
| Avg. Room 40,900 28 19
l
[ 7 200°F 41,100 35 22
! 14 2000F 35,500 32 20
{ Avg. 200°F 38,300 33.5 21
! 16 400°F 32,800 29 19
: 15 400°F 32,500 27 17
Avg. 400°F 32,650 28 18
12 600°F 28,200 30 19
3 600°F 28,000 35 21.5
Avg. 600°F 28,100 32,5 20
13 800°F 19,150 22 15
11 800°F 18,100 27 16
! Avg, 800°F 18,600 24,5 15.5
! I
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Pure Iron
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17 2x

Bffect of Zirconium (added as ZxH) on the structure of ten=

sile bars made from carbonyl iron.

Pigure 1.

Powders 50X nltal etch.
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Fipure 3. bBifect of lirconia on the grain growth of carbonyl Iron,
fuall Hita! stch,
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Pure Iron

Flgurce 3b,

esintered 20 hours at 9359¢

Re=resinterced 35 hours at 955YC

Effect of Zirconia on the Grain Growth of Carbonyl Iron.
LouX~Nital Etch,




Jal Carbonyl Iron

Ja3d with 1% 7ThOg
Figure 4
Structurcs of carbonyl iron sinterings:
Pressed 75 t.s.i sintered 7000, repressed
75 t.s.i. 100%
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adl Carbonyl Tron

Ja2 with 17 Z1r0y

Jd3 with 1% ThO,
Figure 5
Structures at Carbonyl Iron sinterings:
As in Figure 4, then sinterecd 4 cycles
(41009F, per hour to 1292 (700°C.)-4 haur
hold-cool 400°F. per hour per cycle).
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Carbonyl Iron plus 1% ‘horia
Figure 6
Ma Series - Sintered 4 Hours at 850°Cx250
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Carbonyl Iron

Carbonyl Iron plus 19 "“horia
Figure 7
Mf Series - Sintered (8 Yours at 350°Cx250
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g

Carbonyl Iron plus 1% Thoria

Figure 8

Oe Series-Sintered 122 1,2 hours at 950°Cx250
(Center of Grip End of Test Bar)
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Carbonyl Iron plus 1% Thoria
Figure 9

Oe Series - Sintered 122 1/2 hours at 950°Cx250
(Surface of Grip End of Test Bar)
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a - Sintercd at 850°cC,

b - Sintered at 950°C, 1

Figure 12

¥ Series -~ Purce Iron
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a - Sintered at 85000, 150 Nours

LI ..‘

Coe /' P ooe p R 2
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b - Sintered at 950°C, 150 Hours

Figure 13
R Series - Iron Plus 1% Cerium Oxide x 250
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Copper Powder

As increasing amounts of titania were added to pure copper
powder, the density, tensile strength, and elongation of the
sintered specimens deocrecased. Addition of 7% tin to the copper
powder improved the tensile strength of the sintered product.
Addition of a small amount of titania to the Cu~-7% Sn mixture
improved creep properties and increased hot hardness, but addi-

tions of titania above 1% resulted in no additional improvement.

Titanium Powders

The addition of titania to titarium powder countaining 8% tin
improved the hot hardness of the sintered compact. A 12% addition
of titania had the highest hot hardness values over the range tested
(100-1200°F); however, this was below thc performance of a wrought
titanium alloy containing aluminum, molybdenum, and boron.

Zirconium Powders

Zirconium hydride was the powder used to obtain the zirconium
sintered compacts, The products were brittle and hard, prabably
due to internal oxidation of the zirconium and the presence of
other contaminants. It was found that the addition of tin powder,
up to 4%, increased the density and hardness of the sintered
specimen; additions of tin above 4% decreased the density and
hardness, Graphite additions, up to 6%, Lo a zircomium hydride-
8% tin mixture resulted in a sintered compact having lower density

and markedly lower hardness than the non-graphite-containing mixture.
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Up to 4% iron additions to the zirconium increased sinterad

‘ density and hardness; nickel increased density slightly aud
decreased hardness; silver increaseddensity and decreased hard-
ness, These sintered specimen exhibited a dfop in hardness with
increasing temperature paralleling that¢ of Zircaloy-2, but the

hardness values were all much higher than the corresponding values

for Zircaloy-2.
Iron Powders
Varying amounts of zirconium hydride, up to 4% by weight,
: were added to carbonyl iron powder., Internal oxidation resulted
in the formation of a zirconia-iron mixture which exhibited con-
siderable resistance to grain growth, A.l% Zirconium hydride
addition raised the tensile strength 20% without loss of ductility.
; Further additions resulted in even finer grain size, but the ductility
: was greatly reduced, Zirconiaadded directly to the iron powder was
less effective in restraining grain growth.
The addition of thoria increased the tensile strength slightly

and decreased elongation. Like zirconia, it was a barrier to grain

growth, Botliih zirconia and thoria lowered the density of the sintered
product.
The ceria specimens sintered at 850°C exhibited -improved high

temperature strength properties; those sintered at 950°C did not

show such improvement. The addition of ceria to carbonyl iron
powder had a little effect in preventing the grain growth of the
iron.

Addition of lanthana resulted ina very britile compact which

was not tested.
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Addition of gadolinia increased the elevated temperature
tensile strength of the sintered product until 800°F was reached,
at which temperature the tensile strength dropped below that of
pure iron.

The neodymia and dysprosia specimens exhibited high tempera-
ture ilensile sirengths similar ito that of pure iron., The neodymia

specimens elongated much less than pure iron.

-119-




SCIENTIFIC PERSONNEL:

Principal Investigator:

Associate Investigators:

Assistant Investigator:

Consultant:

Technician:

APPROVED:

/<;2'7{£:L <:?.v;<:;¢.# -

Otte Zmeskal

F. W, Caldwell, Jr.
. Halyard, Jr.
J. gaciak

&

Hollister .
Voelker :

Brey

o =2 =En Q%

O B =

Henry

Respectfully submitted,

O Spucn Kol

Otto ZmBskgd

,

‘S

(;ghn C. Reed, Head

Department of Mechanical Engineering

120

'
£




